I N T R O D U C T I O N
Dysprosium (Z ¼ 66) occurs in the Universe in the form of seven stable isotopes (156, 158, 160, 161, 162, 163 and 164) . These isotopes are produced by different processes: 156 and 158 by the p process, 161 and 163 by the r process, 160 by the s process and 162 and 164 by either the r or the s process. The study of the chemical composition of chemically peculiar (CP) stars reveals large overabundances of lanthanides when they are compared with the chemical composition of the Sun (see e.g. Cowley et al. 2000) . Singly ionized dysprosium has been identified and investigated in several types of stars [e.g. in Ap, Am, F and S stars: for a review see e.g. Jaschek & Jaschek (1995) ]. Doubly ionized dysprosium (Dy III) has been less considered up to now in stellar spectra, although the low ionization potential of this ion implies that dysprosium should be predominantly doubly ionized in the photospheres of the hotter peculiar stars (Aikman, Cowley & Crosswhite 1979) . This is partly due to the fact that no comprehensive line classification for this ion was available before 1997.
Nevertheless, the possible presence of Dy III in some stellar spectra has been investigated and a number of Dy III lines have been listed as present or possibly present in specific stellar spectra. After the pioneering work of Swings (1944) , 33 lines of Dy III were first identified in a CVn (Burbidge & Burbidge 1955) . Among the 143 dysprosium transitions observed experimentally in the wavelength interval between 336 and 474 nm, tentatively assigned to Dy III by Hussain (1973) , 34 unblended lines were shown to be present in 16 well-known CP stars by Aikman et al. (1979) in their comprehensive study. In addition, 60 lines of Dy III were identified in the CP A-type star HR 465 by Reader (1996) . Two additional recent papers have reported on the identification of Dy III lines in Si stars (Poli, Bord & Cowley 1987; Ryabchikova, Davidova & Adelman 1990) . Dy III, however, was not considered by Cowley & Greenberg (1988) in their investigation of the third spectra of lanthanides in the IUE spectra of CP stars.
Dysprosium has also been identified in the extreme peculiar star HD 101065 (Przybylski's star) which shows strong lines of the lanthanide ions when compared with the iron group elements, frequently dominant in 'normal' stars (Cowley & Mathys 1998; Cowley et al. 2000 ; see also the wavelength list prepared by Cowley 2000) .
This G0 star, characterized by a high metal content, contains a large number of lines arising from singly ionized rare earths, but its spectrum contains also a large number of lines of doubly ionized lanthanides including some lines identified as being due to Dy III. Until now, however, no transition probabilities at all have been available for Dy III lines, on neither the theoretical nor the experimental side, although such data are very important not only in astrophysics to determine stellar abundances but also in plasma physics to model and diagnose new metal halide high-intensity discharge lamps with high luminous efficiency (Curry, den Hartog & Lawler 1997) .
The present research has been stimulated by the above motivations. Consequently, in this work we report on lifetime measurements of five levels belonging to the 4f 9 5d and 4f 9 6p configurations of Dy III using time-resolved laser-induced fluorescence spectroscopy on a laser-produced plasma. We also present theoretical calculations with a relativistic Hartree -Fock approach (HFR) (Cowan 1981) including configuration interaction and core-polarization effects. Based on the comparison between theoretical and experimental lifetimes, a first set of transition probabilities of astrophysical interest has been deduced for this ion from a combination of these experimental measurements with the theoretical branching ratios.
It should be emphasized that the present work is part of an extensive programme of lifetime measurements in doubly ionized lanthanides performed at the Lund Laser Centre in Sweden, and of transition probability calculations at Liège and Mons universities. The results obtained so far concern the following ions: La III (Li & Jiang 1999) , La III -Lu III , Ce III , Gd III (Zhang et al. 2001a ), Er III (Biémont et al. 2001a ), Pr III Palmeri et al. 2000b ), Tm III (Li et al. 2001) , Yb III (Biémont et al. 2001c; Zhang et al. 2001b ), Eu III (Zhang et al. 2000) , Nd III (Zhang et al. 2002a ) and Ho III (Biémont et al. 2001d; Zhang et al. 2002b ). These new atomic data are being progressively incorporated in a data base of astrophysical interest, DREAM, which is being created on a web site at the address http:// www.umh.ac.be/, astro/dream.shtml, and which is also accessible directly through anonymous FTP at the address ftp://umhsp02. umh.ac.be/pub/ftp_astro/dream.
E X P E R I M E N TA L L I F E T I M E M E A S U R E M E N T S
A spectral analysis of Dy III, based on data obtained up to 1997, has been reported by Spector, Sugar & Wyart (1997) . In their work, 106 energy levels of Dy III, belonging to the configurations 4f 10 , 4f 9 5d, 4f 9 6s and 4f 9 6p, have been established and 544 lines of Dy III have been classified.
In the present work, the lifetimes of two levels belonging to the 4f 9 5d configuration and of three levels of the 4f 9 6p configuration in Dy III have been measured using time-resolved laser-induced fluorescence techniques applied to a laser-produced plasma. The two levels of the 4f 9 5d configuration were excited directly from the ground state of Dy III (4f 10 5 I 8 ). The three levels of the 4f 9 6p configuration (see Table 1 ) were populated from two levels, belonging to the 4f 9 5d configuration (i.e. situated at 30 837.08 and 32 971.89 cm
21
). Although the levels of the 4f 9 5d configuration usually have long lifetimes and can be produced in the same plasma as Dy II levels, the population of these levels is too small to result in a detectable fluorescence signal unless more ablation power is employed. However, increasing the ablation power causes a very hot and dense plasma and, consequently, perturbing effects affecting lifetime measurements cannot be neglected. For that reason, another laser was used in the measurements in order to populate directly the levels of the 4f 9 5d configuration from the ground state. The experimental schemes used in the experiment are summarized in Table 1 .
The experimental arrangements used for Dy III are similar to those previously described, and more details can be found in the relevant papers (Biémont et al. 2001d; Zhang et al. 2001b Zhang et al. , 2002b . Only a brief summary is presented here. Free Dy 2þ ions were obtained from a laser-produced plasma. Laser pulses, characterized by a 532-nm wavelength, a 10-Hz repetition rate and a 10-ns duration, were emitted from a Nd:YAG laser (Continuum 1 Surelite). The pulses, usually characterized by an energy in the 2-10 mJ range, were focused vertically on to the surface of a pure dysprosium foil with a thickness of about 0.2 mm, which was rotated in a vacuum chamber. After the pulses, a plasma containing dysprosium atoms and ions in different ionization stages expanded from the foil.
In order to obtain the required excitation light to populate the ionic levels of interest, an injection-seeded Nd:YAG laser (Continuum NY-82) with a pulse duration of 8 ns, a repetition rate of 10 Hz and a single pulse energy of 400 mJ was combined with a stimulated Brillouin scattering (SBS) compressor to shorten the pulses down to 1 ns. The laser was used to pump a dye laser (Continuum Nd-60), in which DCM dye was operated. The dye laser was effectively frequency-tripled in a non-linear optical system, consisting of a KDP crystal, a retarding plate and a BBO crystal. One level of the 4f 9 5d configuration was excited directly by the second-harmonic radiation. According to the excitation requirements, shown in Table 1 , different order Stokes stimulated Raman scattering components of the second-or the third-harmonic radiation were produced by focusing the harmonic radiation into a hydrogen conversion cell with a gas pressure of about 10 bars. The excitation laser beam was selected using a quartz Pellin -Broca prism and sent horizontally to the centre of the vacuum chamber, where it interacts with the ions about 10 mm above the foil. In the lifetime measurements of the levels of the 4f 9 6p configuration, another Continuum NY-82 Nd:YAG laser was employed to pump a Continuum Nd-60 dye laser, running with DCM dye. The secondharmonic radiation of the dye laser, used for the first-step excitation, was also sent horizontally into the vacuum chamber and was crossed by the second-step excitation laser beam above the foil.
The three Nd:YAG lasers used in the experiments were triggered externally by two digital delay generators (Stanford Research System 2 Model 535), which were employed to adjust the delay time between the two excitation pulses and the timing with regard to the ablation pulse. By properly choosing trigger parameters for the lasers, Dy 2þ ions were excited to the levels of interest when the ions reached the interaction zone. In the lifetime measurements in the 4f 9 6p configuration, the first-step excitation pulse reached the ions about 20 ns earlier than the second-step excitation pulse. Fluorescence from the measured levels was imaged by two lenses on to the entrance slit of a vacuum monochromator, and the fluorescence selected by the monochromator was detected by a Hamamatsu 3 R3809-58 photomultiplier. The time-resolved signal was acquired and averaged by employing a digital transient recorder (Tektronix 4 Model DSA 602), and the averaged timeresolved fluorescence decay curve was sent to a personal computer for subsequent lifetime evaluation.
Before the measurements, a careful check was made to verify that there were no identified lines belonging to the neutral Dy atom and Dy þ ion in the spectral neighbourhood of the excitation wavelengths reported in Table 1 . In addition, the ionic stage identification was further supported by studying the temporal behaviour of the signals related to the plasma conditions. A magnetic field of about 80 G was added over the plasma zone by a pair of Helmholtz coils to reduce the plasma background light accompanying the signal recording. The background, nearly invisible after applying the field, is due to recombination between the ions and electrons in the plasma. The effect of the field is to force the ions and electrons to move into orbits of widely different radii, keeping them spatially separated.
In the measurements, the entrance slit of the monochromator was placed horizontally and widely opened in order to collect the fluorescence efficiently. In order to avoid flight-out-of-view effects in the lifetime measurements of the long-lived levels of the 4f 9 5d configuration, the delay time between the ablation and the excitation pulses was increased as much as possible so that the excitation pulses interacted with the low-speed tail of the ionic velocity distribution. In order to obtain a smooth decay curve with a reasonable signal-to-noise ratio, the curve was recorded by averaging fluorescence photons from more than 4000 pulses. During the experiment, a variety of experimental conditions were changed, including the intensity of the excitation laser, that of the ablation laser and the delay time, which resulted in a variation of the ionic density, temperature, etc., in the plasma. This resulted in a change of the fluorescence signal intensity by a factor of 4, but it was found that the lifetime values had no clear covariation. The lifetime evaluation was performed by an exponential fit for the levels of the 4f 9 5d configuration, and by fitting the fluorescence signal with a convolution of the detected excitation laser pulse and an exponential function with adjustable parameters for the levels of the 4f 9 6p configuration. Typical curves are shown in Figs 1 and 2. About 10 curves were recorded for each level investigated, and the final lifetime result for each level was taken as the average of the data for the curves. The five lifetimes deduced are shown in Table 1 , where the error bars reflect not only the statistical errors but also a conservative estimate for possible remaining systematic errors.
C A L C U L AT I O N S O F L I F E T I M E S A N D O S C I L L AT O R S T R E N G T H S
Dy III belongs to the gadolinium isoelectronic sequence, one of the most complex atomic structures of the lanthanide series. Its fundamental configuration is 4f 10 and the only experimentally known excited configurations are 4f 9 n' (n' ¼ 5d, 6s and 6p) which have been investigated recently in a detailed analysis by Spector et al. (1997) . The third spectrum of dysprosium has in fact been observed by these authors in a sliding-spark discharge with a 10.7-m normal-incidence spectrograph in the wavelength range between 200.7 and 502.0 nm, and 544 lines were classified.
Atomic structure calculations in a heavy (Z ¼ 66) and lowly ionized atom, such as Dy III, are extremely complex. The simultaneous consideration, in the theoretical models, of both intravalence and core-valence interactions is crucial for performing calculations. These considerations apply also to most of the lanthanide ions, as frequently pointed out in the recent past (Biémont et al. , 2001a Li et al. 2000 Li et al. , 2001 Palmeri et al. 2000b) .
In view of the huge matrix dimensions involved in the calculations, which are basically limited by the available computer capabilities, we were only able to include explicitly in the HFR model adopted (Cowan 1981 ) the experimentally known configurations, i.e. 4f 10 þ 4f 9 6p for the even parity, and 4f 9 5d þ 4f 9 6s for the odd parity. This limited set of configurations adopted in the theoretical model is, however, realistic because it is well established (see e.g. Wyart & Bauche-Arnoult 1981) that the 4f n 6s and 4f n 6p levels of the third spectra of the rare earths do not interact strongly with other configurations, and that the radial energy integrals for these configurations are nearly constant along the period. In addition, although 4f 8 5d
2 is expected to overlap 4f 9 6p according to Brewer (1971) , the deviations E calc 2 E Exp for the 4f 9 6p configuration remain small and the energy parameters derived in the present work fit the trends observed in the neighbouring ions Ho III -Yb III (Biémont et al. 2001c,d; Zhang et al. 2002b) , as illustrated in Fig. 3 which shows the behaviour of the parameters E av , F 2 (4f, 4f) F 4 (4f, 4f) and F 6 (4f, 4f). The adopted set of configurations represents a total of 3549 possible energy levels. The core-valence correlation was introduced via a model potential and a correction to the dipole operator (see e.g. Palmeri et al. 2001) . In order to consider these effects in the 4f 9 n'-type configurations, we used a dipole polarizability, a d , equal to 6.34a 3 0 which corresponds to the value tabulated by Fraga, Karwowski & Saxena (1976) for Dy IV. The cut-off radius, r c , was taken as the HFR mean radius of the outermost core orbital, i.e. , 5pjrj5p . ¼ 1.49a 0 . Polarization effects were not taken into account either in the fundamental configuration calculation or in the , 4fjrj5d . transition matrix element calculation. In most lanthanide ions, the 4f orbital is actually deeply embedded inside the Xe-like core, and so the analytical treatment used for the excited configurations is generally no longer valid with the consequence that the 4f2 5d transitions deserve a special treatment. One possibility of solving this problem, originating from the fact that the analytical corepolarization and core-penetration corrections to the dipole operator are no longer valid, consists of applying an empirical scaling factor to the uncorrected , 4fjrj5d . radial matrix element (see e.g. Quinet et al. 1999 ). However, the introduction of this scaling factor did not appear necessary in the present work in view of the Experimental and theoretical studies of Dy IIIagreement observed between the theoretical and the experimental lifetime values.
The HFR method was combined with a least-squares optimization process minimizing the differences between the 106 experimental energy levels of Spector et al. (1997) and the eigenvalues of the Hamiltonian matrix. The standard deviations were found to be equal to 58 cm 21 for the even parity and 146 cm 21 for the odd parity. Table 2 contains the adopted parameter values. Owing to the limited number of experimental levels available (only the five levels of the fundamental 5 I term are known in 4f 10 ), the F k (4f, 4f) in 4f 10 , the F k (4f, 4f) (k ¼ 4, 6) in 4f 9 (5d þ 6s) and the R k Slater integrals were fixed to 85 per cent of their ab initio values. The same scaling factor was adopted for the Slater integrals that were not varied in the least-squares fitting procedure. The a, b and g parameters, which represent some 4f 9 core corrections and which are expected to carry out part of the interactions with distant configurations not introduced explicitly in the model, have been kept fixed at zero, in view of the small number of known core terms and of the sensitivity of these parameters to the choice of the configurations introduced explicitly in the model. In addition, these effects have been considered in part by scaling down the Slater and configuration interaction integrals.
Experimental and theoretical radiative lifetimes obtained in the present study are compared in Table 3 . The agreement is very good for the 4f 9 6p levels (the discrepancies are less than 5 per cent). In the case of the 4f 9 5d levels, the differences between the experimental and the theoretical values (i.e. 22 and 16 per cent, respectively) do not exceed two standard deviations, which is a quite remarkable result if one considers the significant difficulty in calculating and measuring the lifetimes for such long-lived excited states. In addition, the 4f 9 5d states are indeed substantially mixed, as shown in Table 4 . As a consequence, the lifetimes are sensitive to the detailed composition of the atomic states, i.e. it was verified that changes of the order of 1 or 2 per cent to the state compositions cause variations of up to 10 per cent in the lifetime values. Consequently, the accuracy of the theoretical f-values for the transitions originating from these two levels could be lower than that of the other transitions.
Considering the experimental lifetime values and the theoretical branching fractions as obtained in the present work, it is possible to derive normalized transition probabilities. In Table 5 , we present the transition probabilities for the lines depopulating the levels reported in Table 3 . We include in the table the upper and lower levels of the transitions, the air wavelengths (in nm), measured by ; the parity and the J-value are given. (e) and (o) stand for even and odd parity, respectively. b Laboratory wavelength Spector et al. (1997) or deduced from the energy levels tabulated by these authors, the weighted oscillator strengths in the logarithmic scale (log gf), the weighted transition probabilities (gA) normalized with the laser measurements of the present work, and the cancellation factors (CF) as defined by Cowan (1981) . The transitions characterized by a small value of this factor are affected by strong cancellation effects in the calculation of the line strengths and, consequently, the corresponding transition probabilities could eventually be rather inaccurate (i.e. in error by a factor of 2 or even more). It should be added, however, that only two transitions in Table 5 are characterized by CF , 0.001. The uncertainties affecting the oscillator strengths, which rely upon the accuracy of the theoretical branching ratios, are difficult to assess because no experimental data are available for comparison. However, from comparisons between theory and experiment carried out in the recent past for a variety of heavy ions (see e.g. Palmeri et al. 2000a; Zhang et al. 2001c) , the accuracy of the f-values of the intense (log gf . 22.0) transitions is expected to scatter around 5 -10 per cent. For the weak (log gf , 22.0) transitions (also difficult to measure with precision), the uncertainties could be larger (typically 20 -30 per cent).
We present also in Table 6 the transition probabilities for the the most intense transitions as observed experimentally by Spector et al. (1997) . Only transitions for which the observed intensity in table 1 of Spector et al. (1997) is . 200 are reported in Table 6 . For each level, we give the energy (cm 21 ), the parity (o: odd; e: even) and the J value, the weighted HFR oscillator strengths (log gf) and the transition probabilities (gA). This table includes most of the transitions of astrophysical interest. In particular are quoted some of the transitions mentioned by Aikman et al. (1979) in their investigation of the strong Dy III stars (HR 465, HD 192913, HD 200311, HD 51418 and HD 25354) . A more complete table, with transition probabilities for several hundred transitions, is available in the DREAM data base referred to above.
Owing to their importance for magnetic field investigations in some stars, we give the calculated Landé factors in Table 7 for the low-lying levels. They are compared with the available data, i.e. with the values calculated by Spector et al. (1997) . The overall excellent agreement observed between the two sets of values shows the minor role played by configuration interaction in Dy III for the configurations considered in the present work.
C O N C L U S I O N S
A first set of transition probabilities has been obtained for the transitions between the four lowest configurations of Dy III. These A values have been obtained through a HFR calculation but the theoretical model has been tested by a comparison of the theoretical lifetimes with experimental results measured by laser-induced fluorescence at the Lund Laser Centre in Sweden. The agreement between theory and experiment strongly supports the results obtained in the present work. These results are expected to help astrophysicists to improve the determination of the chemical composition of CP stars. Experimental branching fractions would be most welcome to assess definitively the accuracy of the calculations reported in the present paper.
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